Background: To quantitatively evaluate the safety and related-toxicities of intensity modulated radiotherapy (IMRT) dose-volume histograms (DVHs), as compared to the conventional three-dimensional conformal radiotherapy (3D-CRT), in gynecologic malignancy patients by systematic review of the related publications and meta-analysis. Methods: Relevant articles were retrieved from the PubMed, Embase, and Cochrane Library databases up to August 2011. Two independent reviewers assessed the included studies and extracted data. Pooled average percent irradiated volumes of adjacent non-cancerous tissues were calculated and compared between IMRT and 3D-CRT for a range of common radiation doses (5-45Gy).
Background
Radiotherapy (RT) plays an important role in the adjuvant treatment of gynecologic malignancies, particularly in cervical and endometrial cancer. While RT has greatly improved local regional control of primary tumors [1] [2] [3] , it has come at the cost of significant toxic effects to adjacent non-cancerous tissues [4, 5] . In the late 1990s, the technique of three-dimensional conformal radiation therapy (3D-CRT) emerged as a preferred treatment for gynecologic malignancies, since it gave better target coverage and significantly reduced the radiation exposure to the bladder [6] . However, this technique did not appreciably reduce the amount of radiation exposure to the intestine or rectum [7] . More recent advances in computer technology have led to improvements on the 3D-CRT technique; one, in particular, being the development of intensity modulated radiation therapy (IMRT) [8] [9] [10] [11] [12] . In contrast to 3D-CRT, which uses uniform fields, IMRT generates nonuniform fields to achieve better planning target volume coverage, while decreasing unnecessary radiation exposure to normal organs [9, 13, 14] . Therefore, IMRT has become a common strategy for whole pelvic radiotherapy (WPRT), and has been shown to offer more accurate dose distributions and tighter dose gradients to targets and to reduce toxic risk and undesirable side effects to the rectum, bladder, small bowel, and pelvic bones [15] [16] [17] [18] .
IMRT has also proven an efficacious and safe method of treating head, neck, lung, central nervous system, breast, and prostate cancers [19] [20] [21] [22] [23] . While the method has been applied to cervical and endometrial cancers as well [17, 18, [24] [25] [26] [27] [28] [29] [30] [31] , the reported findings on its utility and safety in these patients have been controversial. Thus, in the late 2000s, the National Comprehensive Cancer Network (NCCN) reported that IMRT treatment for gynecologic malignancy was not sufficiently well-established for general recommendation [32] . The main problems cited were the facts that the target site and parameters of posture immobilization remained to be precisely defined, and that the repeatability of an IMRT model remained to be demonstrated [32] .
Nonetheless, the previous successes of IMRT in other cancer patients have promoted significant research interest to evaluate its promise for treating gynecologic malignancy patients [33] . In addition, the proven benefits of IMRT over the 3D-CRT technique have led to several studies to determine whether IMRT is superior to 3D-CRT for the clinical treatment of gynecologic malignancies. With the aim of resolving the inconsistencies that have arisen from these studies, we conducted a systematic review and meta-analysis of IMRT and 3D-CRT use in gynecologic malignancy patients. In addition to quantitatively evaluating the safety of IMRT in these patients, we also performed a comparative analysis of the dose-volume histograms (DVHs) generated for both IMRT and 3D-CRT. Finally, the acute and chronic toxicity effects of IMRT and 3D-CRT are systematically reviewed.
Materials and methods

Primary search strategy
The PubMed, Embase, and Cochrane Library databases were searched for relevant publications by using the following keywords: "radiotherapy, intensity modulated", "IMRT", "cervical cancer", "cervix cancer", "cervical carcinoma", "cervix carcinoma", "endometrial cancer", "endometrial carcinoma", and "gynecologic malignancies". The upper publication date was August 2011 and no lower date was set. These terms were then combined with the search terms for the following study designs: "practice guideline", "systematic review", "meta-analysis", and "review". In addition, the reference lists of all pertinent articles found in PubMed were manually searched.
The Physician Data Query (PDQ) clinical trials database and the proceedings of the 1980-2010 annual meetings of the American Society of Clinical Oncology (ASCO) and the American Society of Radiation Therapist (ASTRO) were also searched for reports of new or on-going trials.
Criteria for study inclusion and exclusion
A study was selected for inclusion if it provided information on DVHs of different irradiated organs that had been treated with IMRT or 3D-CRT. Those studies were then selected for the following criteria: 1) prescription dose of Gy or 50.4 Gy, for either IMRT or 3D-CRT, with all patients having received radiation doses of 1.8 Gy/ day; 2) irradiated normal organs at risk being small bowel, bladder, rectum, and bone marrow; 3) data from the DVHs in irradiated organs at risk being relative number and not the actual measured value; and 4) studies being independent and not replicates of a single population. If studies were found to overlap, the largest dataset was selected for inclusion. A flowchart of the strategy used for this systematic review of the literature is presented in Figure 1 .
Data extraction
The data from each included study were extracted by two reviewers (Lin Zhu and Baojuan Yang), who worked independently and used a standardized form for data collection. Any subsequent discrepancies were discussed and revised until a consensus was achieved. Information extracted from each article included the first author, country of origin, number of patients, normal organs irradiated, prescribed dose of IMRT and 3D-CRT, and average percent irradiated volumes of the organs at risk (OARs) at various radiation doses (from 5 Gy to 45 Gy, the interval of each level was 5 Gy) in DVHs.
In regards to the DVHs information, if the authors did not list the average percent irradiated volumes of OARs, we measured it based on the figures in the article. If the prescribed dose in the study was 50.4 Gy (indicating patients had received an additional three days of 1.8 Gy/day), we only extracted the data for radiated doses <45 Gy.
Statistical analysis
To assess heterogeneity of the studies, a fixed effect model based on the Mantel-Haenszel method was used to calculate the pooled average percent irradiated volumes, if I 2 was less than 50%; otherwise, a random effect model was used. The pooled average percent irradiated volumes for IMRT and 3D-CRT treatment plans were compared at each radiation dose in OARs (including small bowel, bladder, rectum, and bone marrow). Differences were considered to be statistically significant if the p-value was less than 0.05. Publication bias was evaluated by funnel plot, followed by a quantitative analysis using a linear regression approach and rank correlation method [34, 35] . For this study, all data analyses were performed by the Comprehensive Meta-analysis software (version 2; Biostat, Inc., USA), and the statistical analyses were carried out with SAS software (version 9.1; SAS Institute, USA).
Results
Characteristics of the included studies
In total, 13 articles, which compared the extents of DVHs in IMRT and 3D-CRT for endometrial and cervical cancer patients, were included. Ten of these reported on the irradiated volumes of small bowel, nine on rectum, eight on bladder, and six on bone marrow. The 13 articles comprised a total of 222 patients treated with IMRT and 233 patients treated with 3D-CRT. The prescribed dose was either 45 Gy or 50.4 Gy, and all patients received treatment at 1.8 Gy/y. The characteristics of the included articles are summarized in Table 1 .
Pooled average percent irradiated volumes of IMRT and 3D-CRT
The pooled average percent irradiated volumes of IMRT and 3D-CRT were calculated for different OARs and compared for each irradiated level (Table 2 ). For rectums treated with <30 Gy, the pooled average irradiated volumes were not statistically different between IMRT and 3D-CRT. However, rectums that received ≥30 Gy doses had significantly lower pooled average irradiated volumes for IMRT (30 Gy, 68 3D-CRT by 26.40% (p = 0.004), 27.00% (p = 0.040), 37.30% (p = 0.006), and 39.50% (p = 0.002), respectively. Furthermore, a statistically significant dose-response relationship was observed between increasing Gy of irradiation doses and decreasing pooled average percent volumes (P = 0.003).
In small bowel, the pooled average percent volumes were significantly lower (by 17.80%) for IMRT than for 3D-CRT at a radiation dose of 40 Gy (IMRT: 24.70% (95% CI: 17.30-34.10) and 3D-CRT: 42.50% (95% CI: 24.00-63.40); p = 0.043). Similarly, at a dose of 45 Gy, the pooled average percent volumes were 17.30% lower in IMRT (IMRT: 18.60% (95% CI: 12.60-26.70) and 3D-CRT: 35.90% (95% CI: 21.90-52.80); p = 0.012). At low doses (<20 Gy), the pooled average percent volumes of small bowel irradiated with IMRT were similar to those for patients who received 3D-CRT treatment (p > 0.05). Likewise, the doses between 25 Gy and 35 Gy did not produce significantly different effects (p > 0.05), but irradiation with IMRT did yield > 10% less percent pooled average percent volumes than 3D-CRT.
The results of bladder and bone marrow from our meta-analysis revealed that the pooled average irradiated volumes in IMRT were lower than those in 3D-CRT. Although the differences were more obvious for the higher doses of irradiation, none reached statistical significance (Table 2) .
Publication bias
The graphical funnel plots of pooled average percentage volumes of small bowel irradiated at 45 Gy and rectum irradiated at 30 Gy by IMRT and 3D-CRT are shown in Figure 2 . Although the dots were not entirely localized to the bottom of the inverted funnel plots, they were distributed symmetrically around the central axis. Using the Begg's rank correlation method and Egger's linear regression approach, we identified publication bias for the 40 Gy and 45 Gy radiation dose of the rectum with 3D-CRT and for the 10 Gy, 25 Gy, and 40 Gy radiation doses of the rectum with IMRT. Publication bias was also found in several radiation dose levels of small bowel with both IMRT and 3D-CRT, with the exceptions of 20 Gy, 30 Gy, and 35 Gy with IMRT and 5 Gy, 25 Gy, and 30 Gy with 3D-CRT. The results for the bladder and bone marrow very nearly indicated publication bias for all radiation doses, except for 25 Gy for the bladder and 15 Gy for bone marrow. The detailed results are presented in Table 2 .
Acute and chronic toxicities
The acute and chronic toxicity effects of IMRT and 3D-CRT were evaluated by investigating the reported side effects of gastrointestinal (GI), genitourinary (GU), and hematologic toxicity for each. Five studies that reported on the toxic effects of IMRT and 3D-CRT were identified, including four on acute toxicity [25, 36, 42, 43] and three on chronic toxicity [36, 39, 43] . The acute (Table 3) and chronic (Table 4) toxicities reported in recent series of adjuvant IMRT for gynecologic malignancies were graded using the Radiation Therapy Oncology Group scales. Specifically, the worst toxicity was noted and graded according to the following 4-point scale: 0, none; 1, mild, no medications required; 2, moderate, medications required; and 3-4, severe, treatment breaks, hospitalization required.
In the studies by Mundt et al. [25] and Chen et al. [36] , none of the reported toxicities of gynecologic patients treated with either IMRT or 3D-CRT met the criteria of severe acute GI or GU toxicity, but IMRT treatment did result in fewer patients with moderate toxicity and needing medications than did 3D-CRT. In the studies by Beriwal et al. [42] and Hasselle et al. [43] , severe acute GI, GU, and hematologic toxicities were found in patients who underwent IMRT treatment. However, these studies only evaluated patients with IMRT and did not consider 3D-CRT treatment. For chronic toxicities, most of the patients receiving IMRT had no or mild side effects of GI and GU. The incidence of severe GI side effects with IMRT was 2.20% (4/180), and with 3D-CRT, the rate reached up to 4.60% (3/65). Although Hasselle et al. [43] concluded that IMRT caused a severe GU side effect, they did not compare it with the incidence in 3D-CRT treatment groups. In the study by Chen et al. [36] , one patient from each treatment group (3D-CRT: 1/35; IMRT: 1/36) was reported to have experienced such severe side effects from the treatment that hospitalization was required and treatment terminated.
Discussion
Because IMRT can deliver treatment to target organs while reducing the volumes of proximal normal structures that are irradiated, it appears to offer several advantages over conventional techniques for the treatment of malignancies [14] . However, studies on the effects of IMRT in reducing the irradiated volumes of the rectum, small bowel, bladder, and bone marrow have reported inconsistent findings [18, 26, 27, 30, 31, [36] [37] [38] [39] [40] [41] 44, 45] . Therefore, we carried out a systematic review to identify all the relevant studies presenting data on DVHs of IMRT and 3D-CRT. Consequently, data from 13 studies were analyzed by calculating the pooled average percent irradiated volumes, and they were used in a comparative analysis of the effects of IMRT and 3D-CRT in the rectum, small bowel, bladder, and bone marrow at various radiation doses.
The studies by Heron et al. [26] , Igdem et al. [31] , and Roeske et al. [37] reported that IMRT at doses of 30 Gy, 40 Gy, and 45 Gy significantly reduced the irradiated volume of the rectum, as compared to 3D-CRT. Chen et al. [36] reported that, when patients received 70% of the prescribed dose with IMRT, the average percent volume of irradiated rectum was significantly less (p < 0.05). However, the study by Mell et al. [30] found no significant reduction in average percent volumes irradiated by IMRT at those same doses. Our meta-analysis indicated that the pooled average percent volumes of irradiated rectum (at doses of 30 Gy, 35 Gy, 40 Gy, and 4 5Gy) were significantly lower in IMRT than in 3D-CRT. Moreover, this reduction manifested a dose response relationship with increasing radiation doses (P = 0.003). Since some publication bias existed in our meta-analysis, we adjusted the reduction of volumes irradiated by using the trim and fill method, and we found that the differences retained statistical significance. This result illustrated that, the higher the radiation dose prescribed, the better IMRT was at reducing the average percent irradiated volumes for the rectum, as compared to 3D-CRT.
Some studies have reported that IMRT treatment of gynecologic malignancies more effectively protects the small bowel compared to the 3D-CRT technique, especially when radiation doses <20 Gy are used [31] . In the studies by Heron et al. [26] and Roeske et al. [37] , it was found that IMRT-delivered doses of >30 Gy and >45 Gy, respectively, produced remarkably less average irradiated volumes of OARs (by more than 10-fold) than 3D-CRT. Other studies also reported that >25 Gy doses delivered by IMRT were more beneficial than those delivered by 3D-CRT [39, 44] . Our meta-analysis results showed that after weighing the sample sizes, IMRT at 40 Gy and 45 Gy significantly reduced the pooled average percent irradiated volumes of the small bowel by 17.80% (p = 0.043) and 17.30% (p = 0.012), respectively. However, at 35 Gy and below, no statistically significant reduction was found between IMRT and 3D-CRT in the pooled average percent of irradiated volumes. In this meta-analysis, there was no publication bias detected for data related to IMRT-delivered 20 Gy, 30 Gy, or 35 Gy or for 3D-CRT-delivered 5 Gy, 20 Gy, or 25 Gy. Although publication bias was observed for data related to both IMRT-and 3D-CRT-delivered 40 Gy and 45 Gy radiation doses, the reduction of pooled average percent irradiated volumes remained significant after adjusting with the trim and fill method. This meta-analysis found no statistically significant evidence to support the theory that IMRT was an effective approach to reduce the irradiated volumes of the bladder.
Considering the effects of IMRT and 3D-CRT on bone marrow, Brixey et al. [40] showed that IMRT produced no obvious reduction in the volumes of OARs irradiated at the 10 Gy and 30 Gy doses, but reported a statistically significant reduction for doses of 20 Gy, 40 Gy, and 45 Gy (p < 0.001). In the studies by Lujun et al. [38] and Ahmed et al. [27] , the average percent volumes of irradiated OARs were found to be reduced at several high radiation levels delivered by IMRT. In contrast, Chen et al. [36] demonstrated a significant reduction in the volume of irradiated bone marrow when IMRT delivered doses of 20 Gy and below. When these seemingly inconsistent results were combined in our meta-analysis, IMRT was found to reduce the average percent volumes of irradiated bone marrow at all radiation doses, but the findings did not reach statistical significance (p > 0.05). Publication bias was observed only for the IMRTdelivered dose of 15 Gy and 3D-CRT-delivered doses of 15 Gy, 20 Gy, and 30 Gy. After adjusting the reduction of irradiated volumes by using the trim and fill method, there was still no statistically significant reduction found between IMRT and 3D-CRT.
High heterogeneity was found for the data of bladder and rectum irradiation from high radiation doses delivered by IMRT and for the data of small bowel and bladder irradiation from 40 Gy and 45 Gy doses delivered by 3D-CRT. Potential explanations exist to explain these instances of heterogeneity. First, the OARs in the abdominal cavity are not static and are in continual motion, and the volumes of irradiated organs are known to be impacted by different postures. Second, the RT physicians defined the extent of OARs that were reported in each study, and they may not have abided by a unified standard. Third, the data from each study was generated independently and may have been influenced by the particular study design.
In our meta-analysis, we determined that toxicity occurred with significantly lower frequency in the IMRT treated patients than in the 3D-CRT patients [25, 39, 46] . In the studies by Mundt et al. [25] and Chen et al. [36] , adjuvant IMRT was reported to be well-tolerated with low incidences of acute and chronic toxicity, as compared with 3D-CRT. Although several patients in the studies by Beriwal et al. [42] and Hasselle et al. [43] suffered severe acute and chronic toxicities from IMRT, the incidence of these side effects was not compared with that of 3D-CRT. These two research studies prompted us to theorize that the most significant factor correlated to IMRT-induced toxicity in gynecologic patients is the organ volume receiving 100% (45 Gy) of the prescription dose [47] . Likewise, Rose et al. [48] provided evidence that hematologic toxicity increased with increasing volumes of irradiated pelvic bone marrow.
Finally, the collected IMRT dosimetric data from gynecologic patients used in our meta-analysis suggested that IMRT is safe for use as a treatment of gynecologic cancers. However, all of the research studies with which our meta-analysis was carried out were observational. It is generally believed that findings from observational studies are not as accurate as those from randomized controlled trials, since they can easily overestimate the magnitude of effects. Another limitation in our study was the small sample size and uneven quality of the samples. Thus, our conclusions need to be validated by larger samples and more studies to confirm the benefits of IMRT in patients with gynecologic malignancy and to further study the different acute and chronic toxicities produced by IMRT and 3D-CRT.
Conclusions
This study suggested that IMRT significantly reduced the average percent irradiated volume of the rectum resulting from >30 Gy doses and of the small bowel from 45 Gy. Furthermore, in the bladder and bone marrow, the advantages of IMRT over 3D-CRT were not significant for any of the radiation doses examined. 
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